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Introduction: Numerous bright deposits of car-

bonates across the dark background of dwarf-planet 

Ceres have been identified by Dawn’s Visible Near-

Infrared Mapping Spectrometer (VIR). Carbonate 

compositions vary from natrite with minor amounts of 

ammonium bicarbonate at the Cerealia and Vinalia 

Faculae to magnesite, calcite, and dolomite in other 

high-albedo regions [1,2]. These salt deposits are dom-

inantly anhydrous, but small amounts of hydrated Na-

carbonates have also be observed at Oxo, Kahukura, 

and Kupalo craters [2]. Such deposits are expected to 

derive from the aqueous alteration of volatile-

containing silicates below Ceres’ solid crust and depos-

ited on the surface by extrusion through vents or co-

ejected by jets of sub-surface water ice. Fresh material 

is expected to  dehydrate once exposed to the low pres-

sure environment on Ceres’ surface even at tempera-

tures < 240 K [3], forming anhydrous carbonates.  

Without an atmosphere, Ceres’ surface lies unpro-

tected from solar radiation and cosmic rays, undergo-

ing chemical and physical changes (space weathering) 

which can be remotely identified by optical reflectance. 

Darkening by space weathering has been proposed to 

affect Ceres’ optical spectra in the UV-visible [4] and 

Dawn photometric observations of darkened crater 

rim/wall faculae [5]; however, no systematic laboratory 

investigations are available to confirm these interpreta-

tions. X-rays from the solar corona are emitted contin-

uously, dominated by low energies (< 5 keV). The ef-

fects of X-rays can be significantly different than for 

solar ions, with a greater penetration depth (>1 μm) 

and deeper energy deposition, providing a better match 

to vis-IR spectral information depths. Here, we investi-

gate the stability of carbonates under soft-X-ray irra-

diation and investigate whether the measured irradia-

tion-induced optical changes can be used as a potential 

geologic chronometer for Ceres’ bright deposits.  

Experiment: X-ray irradiation with in-situ diffuse 

reflectance measurements under Ceres’ low-pressure 

and low-temperature conditions were performed on a 

customized Physical Electronics (PHI 560) X-ray pho-

toelectron spectrometer (XPS) system, maintained at 

ultra-high vacuum (UHV, ~10-10 Torr). Reagent-grade 

carbonate (Na2CO3, CaCO3, and dolomite) powders 

(grain size < 45μm) were pressed into pellets in dry air, 

then introduced into the UHV chamber. Samples were 

at 90–296 K, simulating Ceres’ surface temperature 

range, and irradiated by Al-Kα X-rays (1486.7 eV). 

The X-ray flux was ~1.0 × 1012 γ cm-2 s-1, except when 

investigating potential flux effects where a higher flux 

of 1.5 × 1013 γ cm-2 s-1 was used. A FilmTek 2000 ul-

traviolet-visible spectrometer was coupled to the UHV 

chamber, performing in-situ, in-vacuo reflectance 

measurements at λ = 250–850 nm. Spectra were meas-

ured at varied X-ray fluence, equivalent to solar irradi-

ation of ~8,000 – 2,000,000 years on Ceres. Comple-

mentary XPS measurements in a PHI Versaprobe III 

were performed to investigate X-ray-induced composi-

tion  and molecular chemistry changes. 

   Results: Optical Measurements. Fig. 1 shows the 

relative reflectance spectra for natrite (Na2CO3) with 

X-ray irradiations, at sample temperatures of 296 K, 

200 K, and 90 K. The visible reflectance decreased 

(darkening) as X-ray fluence increased, with the rate of 

darkening decreasing at lower temperature. Two ab-

sorption features developed with irradiation at~400 nm 

and ~500 nm. The position of the first feature was in-

dependent of X-ray fluence but shifted from ~415 nm 

at 296 K to ~405 nm at 90 K; the position of the sec-   

ond feature was independent of temperature but de-

pended on X-ray fluence – starting at ~508 nm at low 

fluence and shifting to ~480 nm at ~5 × 1016 γ cm-2 (1.6 

× 106 Ceres Years).   

Fig. 1 Reflectance spectra for Na2CO3 as a function of X-ray 

irradiation fluence at a) 296 K, b) 200 K, and c) 90 K, with 

respect to that of un-irradiated Na2CO3. The laboratory X-ray 

fluence were converted to Ceres time using the estimated X-

ray flux on Ceres of ~103 γ cm-2 s-1.   
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       Reflectance spectra for Ceres-relevant carbonates 

are shown in Fig. 2. Under X-ray irradiation to a flu-

ence of ~7 × 1016 γ cm-2 using a flux of 1012 γ cm-2 s-1 

(thick, solid lines), natrite showed most significant 

spectral darkening – by ~60% at 480 nm, compared to 

<10% for calcite and minimal for dolomite. Spectral 

features for Na2CO3 appear at ~415 and 480 nm, com-

pared with ~500 nm for calcite and  no feature for do-

lomite. For natrite and calcite, irradiation using a high-

er flux of ~1.5 × 1013 γ cm-2 s-1 resulted in significant 

spectral darkening and absorptions at lower fluences 

(thin, dotted lines). For dolomite, however, no spectral 

changes were observed. 

Fig. 2 The relative reflectance (with respect to un-irradiated 

samples) for various carbonates under X-ray irradiations. 

Rates for the spectral darkening and formation of absorptions 

depend on both the carbonate type and X-ray flux. 
  

XPS Measurements. XPS measurements were per-

formed using fresh carbonate pellets, where X-ray irra-

diation occurred during data acquisition and the acqui-

sition time was converted to fluence with the estimated 

flux of ~5 × 1012 γ cm-2 s-1. Our measurements suggest 

that X-ray irradiation resulted in no detectable changes 

in the surface stoichiometry or chemical state. 

Discussion: Estimate the Age of Ceres’ Bright De-

posits. Measurements from Dawn’s VIR and Framing 

Camera show systematic spectral darkening with dis-

tance from the faculae center [1,6]. Fig. 1&2 show that 

X-ray irradiation of natrite and calcite result in signifi-

cant darkening at λ = 250–850 nm, suggesting that 

space weathering should contribute to faculae darken-

ing. We convert the laboratory fluence to time on Ceres 

using the estimated X-ray flux of ~103 γ cm-2 s-1 on 

Ceres [7], and plot λ = ~500 nm in Fig. 1 as a function 

of time (Fig. 3). The darkening rate is fit with a double 

exponential function, and decreases as temperature 

decreases. For natrite (296K) we find darkening of 

~60% (saturation) within ~4 million years. We expect 

X-ray-induced darkening to a smaller saturation more 

slowly at lower temperatures (Fig. 3). Thus, solar X-

ray irradiation alone is insufficient to explain observed 

albedo changes (~80%) within Cerealia Facula.   

Fig. 3 The local minimum relative reflectance at ~500 nm as 

a function of time on Ceres, derived from Fig. 1. Data are fit 

with a double-exponential function. See text for the conver-

sion of  laboratory X-ray fluence to time on Ceres.  
 

Color Center Formation in X-ray Irradiated Car-

bonates. The formation of color centers, crystallo-

graphic defects that absorb particular energies, has 

been reported for X-ray damaged alkali halides [8], and 

e- irradiated NaCl [9,10]. Given that our XPS meas-

urements confirm no changes in surface compositions, 

we attribute the irradiation-induced optical absorptions 

(Fig. 1&2) to the formation of color centers. The posi-

tions of color centers are unique for each carbonate 

(Fig. 2), and may provide another characterization sig-

nature for identification of planetary mineralogy. 

Conclusions:  X-ray irradiation from the solar wind 

cause spectral darkening and formation of absorptions 

at 250–850 nm on Ceres relevant carbonates, attributed 

to irradiation-induced crystalline defects. Such spectral 

changes depends on temperature, flux, and carbonate 

type. The laboratory measured spectral darkening is a 

potential geologic chronometer for Ceres’ bright de-

posits, and the irradiation-induced adsorption features 

provide signature for mineralogy identification.  
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